We present lightcurve observations and multiband photometry for 107P/Wilson-Harrington using five small-and medium-sized telescopes. The lightcurve has shown a periodicity of 0.2979 day (7.15 hour) and 0.0993 day 
Introduction
Asteroids and comets are primordial bodies that formed in the earliest stage of the solar system. Their rotational states, shapes, and material reflect the collisions, disruptions, and chemical processes since then to the present.
Some small solar system bodies exhibit behavior such as that shown by both comets and asteroids (so-called, comet-asteroid transition objects). As an example, near-earth object (NEO) (3200)
Phaethon shows signs of past cometary activity because it is thought to be associated with the Geminid (Gustafson, 1989) . Dynamical numerical simulations and spectral observations for (3200) Phaethon support (2) Pallas, which is outer main belt asteroids, is the most likely parent body of (3200) Phaethon (Clark et al. 2010; de León et al., 2010) .
Meanwhile, objects that display cometary activities in the main-belt asteroid (MBA) region have recently been discovered. They are classified as main-belt comets (MBCs) (Hsieh and Jewitt, 2006) ; the MBCs are 133P/Elst-Pizzaro , P/2005 U1 (Read et al., 2005) , 176P/LINEAR (Hsieh et al., 2011) , P/2008 R1 (Garrad) (Jewitt et al., 2009 ), P/2010 A2 (LINEAR) (Birtwhistle et al., 2010) , P/2010 R2 (La Sagra) (Marsden et al., 2010) , and (596) Scheila (Bodewits et al., 2011; Jewitt et al., 2011) . One possible activation mechanism for MBCs is impacts with small (e.g., meter-sized) objects (Toth, 2000; Díaz and Gil-Hutton, 2008; Jewitt et al., 2010; Snodgrass et al., 2010; Bodewits et al., 2011; Jewitt et al., 2011) . The other activation mechanisms are rotational-fissions due to the spin-up by Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effects , and thermal influences (Jewitt et al., 2009 ).
Interesting properties of MBCs are their dynamical origin and possible function as reservoirs for water-ice and organics. A numerical integration by Haghighipour (2009) states that the origin of 133P/Elst-Pizarro, 176P/LINEAR, and P/2005 U1 (Read) is concordant with the Themis family of asteroids. Compared with all asteroids, the Themis family of asteroids includes B-type asteroids at a relatively high population rate. Some B-type asteroids in the Themis family seem to have experienced aqueous alterations (Yang and Jewitt, 2010; Clark et al., 2010) . (3200) Phaethon is also a B-type asteroid and shows the existence of aqueous alteration materials (Licandro et al., 2007) . In addition, water-ice and organics are detected on the surface of (24) Themis (Rivkin and Emery, 2010) and (65) Cybele, which orbits along the outer edge of the main belt (Licandro et al., 2011) . The study of comet-asteroid transition objects provides keys to the dynamical origin and evolution of NEOs, the mutual collisions of small solar system bodies, the material differences between asteroids and comets, and the origin of Earth's water.
This study's purpose is to obtain the rotational states, shape model, and rotational color variations for 107P/Wilson-Harrington (also know as (4015) Wilson-Harrington; hereafter 107P), which is a representative comet-asteroid transition object. 107P was discovered accompanied by a faint cometary tail at Palomar Observatory in 1949 (Fernandez et al., 1997) . The object, however, could not be tracked because of insufficient observations to determine an accurate orbit. Later, a near-earth asteroid 1979VA (= 4015) was discovered. Subsequent observations identified asteroid (4015) 1979VA and 107P as the same object. Despite a devoted search, no cometary activity has been detected since the initial observation of 107P (Chamberlin et al., 1996; Lowry and Weissman, 2003; Ishiguro et al., 2011) .
107P is an Apollo asteroid whose orbital parameters are a = 2.639 AU, e = 0.624, i = 2.785
• , and the Tisserand parameters (T J ) = 3.08. A numerical simulation by Bottke et al. (2002) mentions that there is a 4 % chance that 107P has a JFC origin and a 65% chance it has an origin in the outer main-belt region. Taxonomically, it is categorized as a CF-type (Tholen, 1989) . The reflectance spectrum in the region 3800-6200Å is similar to (3200) Phaethon (Chamberlin et al., 1996) . The thermal properties of 107P have been investigated by mid-infrared photometry with NASA's Spitzer
Telescope (Licandro et al., 2009 ). These observations show that the beaming parameter, the diameter, and the albedo are η = 1.39 ± 0.26, D = 3.46 ± 0.32 km, and p v = 0.059 ± 0.011, respectively. The rotational period of 107P has been reported to be 3.556 hour and 6.10 ± 0.05 hour by Harris and Young (1983) and Osip et al. (1995) , respectively. Osip et al. (1995) ascribes the difference of the two reports to the noisy data of Harris and Young (1983) because of the weather conditions. The few days' observation in both reports, however, is not enough to determine the correct rotational period. Longer observations are required to derive the correct rotational period and other physical properties.
We hypothesize that 107P migrates to the NEO region from the outer main-belt region inhabited by six of seven known MBCs, and impacts with small objects could eject dust and/or expose sub-surface ice that then trigger 107P's cometary activity. Post-MBC, 107P is capable of becoming host to water-ice, organics, and aqueous alteration materials. In this hypothesis, the impacts' influence would be apparent in the rotational states and/or the surface color variations.
We had an opportunity to observe 107P from August 2009 to March 2010.
Our long observation campaigns enable us to derive the rotational states, shape model, and rotational color variations. Furthermore, the orbit of 107P makes it accessible by spacecraft. A more advanced sample return mission from a D-type asteroid or an asteroid-comet transition object is envisioned in Japan. One candidate is 107P (Yoshikawa et al., 2008) . Clarification of the physical properties of 107P is important to the design of the future mission.
If we are able to obtain 107P's physical properties, the data will be useful to revise the physical model of Licandro et al. (2009) , similar to the Hayabusa-2 target 162173 (1999JU3) whose physical model was reconstructed by both thermal observations and the lightcurve (Müller et al., 2011) . This paper is organized as follows. In Section 2, we describe the observations made and the data reduction. In Section 3, we mention the rotational states and shape model of 107P. In Section 4, we focus on the possibility of tumbling motion and the existence of a binary. Finally, we summarize the physical model of 107P and discuss the feasibility of a sample return mission.
Observations and Data Reduction

Observations
We conducted the photometric observation campaigns of 107P with five small-and medium-sized telescopes. The observational circumstances and the states of 107P are listed in Table 1 and Table 2 , respectively.
All telescopes were operated with the non-sidereal tracking mode. The longest-term observation of this campaign was carried out using the 1.0 m f/3 telescope at the Bisei Spaceguard Center (BSGC 1 ) from September 6, 2009
to March 11, 2010. The detector consisted of four CCD chips with 4096 × 2048 pixels. We used one CCD chip to obtain as many images as possible by shortening the processing time. The field of view (FOV) for one CCD chip is 1.14 • × 0.57
• with a pixel resolution of 1.0 ′′ . The exposure time varied from 30 s to 600 s according to the observational situations. Individual images were taken with a commercially available short-pass (long-wavecut) filter, the effective wavelength of which ranged from 490 nm to 910 nm.
We denote the filter as W in To search for the rotational color variation, we used the data of December 17 because they could be compared with the observations of the BSGC and the photometric precision of the other day's data was not sufficient to detect the color variation.
The third observation was carried out using a 1.05 m f/3. with an exposure time of 120-300 s.
The fourth observation was made using the Lulin One-meter Telescope (LOT) (Huang et al., 2005) The photometric precision was insufficient after February 7, 2010. We did not use these data for the estimation of rotational periods and shape models. These data were utilized for the trend confirmation of lightcurves that were obtained from the other day's data and the monitoring of cometary activity. c Phase angle (Sun-107P-observer).
d Apparent magnitude. This value is estimated using UCAC 2 catalog stars that are taken in the same field with 107P.
Data reduction
All images were bias and flat-field corrected. When using the data of OAO for the derivation of lightcurve, we stacked four images to compensate for the poor flux. All observation times were corrected using the light travel time from 107P to the Earth. By using the IRAF/APPHOT 2 package, we measured the raw magnitude of 107P and from three to seven reference stars that were bright enough compared with 107P. We set aperture radius to 1.5 × FWHM for 107P and reference stars images, respectively. Since the reference star images are slightly elongated by the non-sidereal tracking, the aperture radius is larger than that of 107P. We calibrated the magnitude fluctuations due to the change of atmospheric conditions as follows,
Here, F i c (t) is the lightcurve by rotation of 107P in i-th observation day, F i o (t) is the raw magnitude of 107P, F i r (t) is the averaged raw magnitude of reference stars and represents the change of atmospheric conditions, and t is the observational time. Next, we define the averaged magnitude of F i c (t) in each night as the normalized (zero) magnitude. The lightcurve by rotation of 107P can be rewritten as
where F i c is the averaged magnitude of F i c (t). Since the averaged magnitude is normalized to zero magnitude for all nights, we can connect the different night's lightcurve with little regard for the difference of absolute magnitude.
In addition, the difference of reference stars each night does not affect the periodicity of lightcurve. The problem of this procedure could include the offset between different nights when the short observation time per day poses the detection of a specific peak (bottom) in the lightcurve. However, the peaks and bottoms in the lightcurve have been detected evenly (See Fig. 3) because the observation time per day is long enough from November 2009 to February 2010 when the data are utilized for the analysis. Thus, the offset is negligible. Furthermore, the apparent magnitude change of 107P is gradual up to 1.0 magnitude per month ( Table 2 ). The change does not act on the derivation of rotational period that is expected to be from three to seven hours according to past reports.
In contrast to the relative photometry of the lightcurve, more photometric precision is required to detect the rotational color variation by multiband photometry. In order to improve the photometric precision, we averaged three consecutive images of 107P for the BSGC's data and 14-16 consecutive images of 107P for the OAO's data. We also measured the flux of ten standard stars from SDSS data Release 7 (Abazajian et al., 2009 ), whose stars were imaged simultaneously in the same frame as 107P (Table 3 ). These objects have magnitudes of about 14 mag to 16 mag in the r ′ -band and classification code 1 (= primary), quality flag 3 (= good), and object class 6 (= star). We evaluated atmospheric extinction coefficients and conversion factors to standardize the SDSS system for each filter. The atmospheric 
Results
Rotational states
Since the "Standard Feature (SF )" that is, the flux peaks and/or bottoms in lightcurves, shifts along the phase of lightcurves due to changes in the geometric relationship between the Earth, 107P, and the Sun during the long-term observations, the estimation of the sidereal rotation period for 107P requires a short-term observation within a few weeks. We use the data from December 7 to 22, when the phase-shift is small. The photometric precision of 107P and the observational implementation time per day are enough to make clear the sidereal rotational period during the term. Assuming double-peak lightcurves, a period analysis is carried out with a Lomb-Scargle periodgram (Lomb, 1976; Scargle, 1982) . The power spectrum from the period analysis shows four period candidates of 0.0993 day, 0.2294 day, 0.2591 day and 0.2979 day (Fig. 1) . A typical error of 0.0002 Lightcurves mainly represent the light scattering cross section of objects.
When we assume that an object is a symmetric ellipsoidal body, almost the same cross section appears in every half rotation. Therefore, it is difficult On the other hand, the period of 0.0993 day may be the precession period. If an object has tumbling motions, the lightcurve is dominated by two periods: one, P ψ , for the rotation about the extremal axis of the object as an inertia ellipsoid, and the other, P φ , for the precession about the total rotational angular momentum vector. When frequencies are defined as 2f ψ = P −1 ψ and 2f φ = P −1 φ , the lightcurve periodicity of tumbling objects appears at frequencies that are a linear combination of f ψ and f φ (Kaasalainen, 2001 ). When we assume that P ψ is 0.2979 day and P φ is 0.0993 day, the frequency 4f ψ = 2(f φ − f ψ ) = 6.713 day −1 approximately corresponds to the inverse of period of Harris and Young (1983) and one half of our rotational period of 0.2979 day. The existence of periodicity of the linear combination of two periods shows circumstantial evidence for tumbling. We make the shape model of 107P in the following subsection and discuss the feasibility of tumbling motion in Section 4.1.
Direction of total rotational angular momentum and shape model
Above, we suggested the possibility of tumbling motion. If 107P is a tumbler, the pole orientation does not accord with the direction of total rotational angular momentum and is not stable. What we can obtain is not the pole orientation but the direction of total rotational angular momentum. The direction of total rotational angular momentum of 107P can be estimated using the "epoch method" (Magnusson, 1986) or the "lightcurve inversion method" Kaasalainen et al., , 2002 . The "amplitude method" is also proposed as an alternative method (Magnusson 1986 ). However, we cannot adopt the amplitude method because 
where T 0 is the time at the first SF , T i is the time at the i-th SF , P ψ is the sidereal rotational period, and n i is the number of rotations between T 0 and T i . θ 0 and θ i are the projected directions of the phase angle bisector (P AB) in the plane that is perpendicular to the direction of total rotational angular momentum at T 0 and T i , respectively. Table 4 shows the epoch of SF s. The left hand of Eq. (3) is estimated from the observations; the right hand is theoretically calculated from the tentative direction of total rotational angular momentum and the orbital information of 107P. We define δ with the following equation
where N is the number of the epoch; here N = 4. We can estimate the direction of total rotational angular momentum by seeking the minimum of δ. The lightcurve inversion method derives the most adequate shape model and the corresponding direction of total rotational angular momentum.
When carrying out the lightcurve inversion method, we set the initial conditions for the direction of total rotational angular momentum and the sidereal rotation period to that of 0.2979 day. We seek the least deviation between the observational lightcurve and the reconstructed lightcurve from the shape model by scanning the direction of total rotational angular momentum in steps of 1
• in ecliptic longitude and latitude. We use the data of November 16, 1979 (Harris and Young, 1983) ; December 1-2, 1992 (Osip et al., 1995) ; and our high photometric precision data (the error is less than 0.05 mag), which was obtained from November 7, 2009 to January 18, 2010. Fig. 5 shows the deviation map of the direction of total rotational angular momentum using the lightcurve inversion method. In addition to the candidates of the epoch method, we have found three other candidates:
, and E (λ = 167
• , β = 7 • ). However, we exclude the candidates D and E because they are less compatible with the epoch method. Note that the observational data was obtained in the phase angle from 21
• to 77
• . There is no data in a low phase angle. Furthermore, the direction of rotational angular momentum has an uncertainty of typically more than 5
• . For example, though the ground-based observation of Itokawa showed that the pole orientation was Kaasalainen et al., 2003) , the Hayabusa spacecraft revealed that the pole orientation of Itokawa was λ = 128.5
• , β = −89.66 Demura et al., 2006) . Moreover, we can see from Table 4 that the SF in the lightcurve shifts to the negative direction with time. As a corollary, the direction of total rotational angular momentum of the three candidates is south of the ecliptic plane. This indicates that the sense of sidereal rotation is retrograde. The lightcurve of Fig. 6 has been calibrated for the phase-shift.
The six peaks and the periodicity in the lightcurve become clearer than in the lightcurve of 0.2979 day period in Fig. 2 . This result adds to the evidence of the retrograde rotation.
Next, we make the three shape models of 107P for the directions of total rotational angular momentum A, B and C. The shape model A is shown in Fig. 7 . Here, L 1 , L 2 , and L 3 are defined as the normalized axis length when 107P is a triaxial ellipsoid body. The axes satisfy the relationship motion of a force-free asymmetric rigid body (Samarasinha and A'Hearn, 1991; Kaasalainen, 2001 ). Now, L 1 ≃ L 2 indicates that the equations of force-free precession are simplified to the following,
Here, ψ, φ, θ are the Euler angles of sidereal rotation, precession, and nutation, respectively. M is the total rotational angular momentum in an inertial frame. I 1 and I 3 express the inertia moment of a triaxial ellipsoid by using mass µ. Moreover, the equations show that the motion of the external axis about M occurs as a constant rate. From these equations andφ = 3ψ, the nutation is negligible, and the angle θ is constant around 65
rugby-ball-shaped body rotates with a period of 0.0993 day about the total rotational angular momentum, and with a period of 0.2979 day about the external axes of 107P itself. Alternatively, we can assume a case that has the sidereal rotation of 0.0993 day and the precession period of 0.2979 day. Substitutingψ = 3φ, there is no solution for the nutation angle. Therefore, the assumption is not adequate.
Meanwhile, as we show in Fig. 8 , the normalized axis lengths for the shape model C are around 1.5, 1.5, and 1.0. Here, the axes satisfy the and L 2 should be longer than 3 L 3 ifφ = −3ψ and L 1 ≃ L 2 are correct.
These situations are inconsistent with our results. Therefore, 107P of the shape model C is a non-precession object rather than a precessional object. 
Taxonomic class and rotational color variations
The taxonomic class and rotational color variations for 107P were investigated by a color-color diagram. We note that the classification of subclasses, such as B, F, or G-type, is difficult using multiband photometry.
We conducted the multiband photometry eight times (P hase-1 to -8). The obtained color-color diagram and the color index are shown in Fig. 9 and Table 5 . We utilized the z ′ images of P hase-6 for those of P hase-7 due to the poor weather conditions in P hase-7. The color-color diagram macroscopically shows that 107P is a C-type (including B, F, G-type)
asteroid. The colors of P hase-2 and P hase-6 indicate typical C-type features in the three color indices. The others are slightly reddish features like an X-type asteroid in the color index of r ′ − i ′ . Though only the g ′ − r ′ of P hase-3 barely exceed the one-sigma of mean color index in Table 5 , it is difficult to assert the detection of the rotational color variation due to the photometric error. In addition to it, the long observation term of ∼0.15 in phase (∼1.0 hour) for each sequence obscures the detection of rotational color variation. In order to confirm the color variations, follow-up observations and/or exploration by spacecraft are needed. (Ivezić et al., 2001 ). X-type asteroids include E, M, and P-type asteroids. The case of low-albedo asteroids indicates P-type.
Discussion
Tumbling
We discuss the possibility of tumbling. There were some reports in which asteroid lightcurves indicated tumbling, e.g., (253) Mathilde (Mottola et al., 1995) , (3288) Seleucus (Harris et al., 1999) , and (4179) Toutatis (Spencer et al., 1995; Kryszczyńska et al., 1999) . Pravec et al. (2005) assessed the validity of tumbling for these asteroids based on whether the lightcurves could be approximated with two-dimensional Fourier series and the physical model of tumbling could be constructed. The two-dimensional Fourier series is described in the following form
where m is the order, C 0 is the mean reduced light flux, C jk and S jk are the Fourier coefficients for the linear combination of the two frequencies P −1 ψ and P −1 φ , respectively, and t is the time. Substituting m = 2, P ψ = 0.2979 day, and P φ = 0.0993 day for 107P, we obtain a fitting curve, as shown in However, since the sidereal rotation period and the processing period have a commensurability of 3:1, the lightcurve can also be reconstructed using the one-dimensional Fourier series of sixth order. As we mentioned in Section 3.2, the physical model is possibly constructed using a LAM of L 1 :L 2 :L 3 = 1.0:1.0:1.6, (λ = 310
• , β = −10 • ) or (λ = 132
• , P ψ = 0.2979 day, and P φ = 0.0993 day. Although Pravec et al. (2005) mentions that a tumbling asteroid generally does not return to the same orientation in any single period, the approximately equal length of L 1 and L 2 for 107P suggests a negligible change for the nutation angle. Therefore, 107P can return to the same orientation every 0.2979 day. These circumstances imply that 107P might be a tumbling object.
Assuming 107P is a tumbler, external forces are required to trigger the motion. Impacts of small objects, tidal encounters with planets, and YORP effects are suggested by Pravec et al. (2005) . Though 107P is a NEO, the object did not have an encounter with Earth in 1949. In the case of km-size objects, the efficient onset of tumbling by YORP requires a longer timescale than that of collision with small objects (Vokrouhlický et al., 2007) .
Therefore, we propose the impact of small objects as a probable cause for tumbling of 107P. The orbital origin of 107P has a high possibility of being from the outer MBA region inhabited by MBCs. One possibility is that the cometary activities of MBCs are caused by impacts of small objects. We can consider that 107P is originally an object like an MBC and impacts with small objects in the NEO region could eject dust and/or expose sub-surface ice that then trigger 107P's cometary activity. When we suppose that the collisional excitation happened in 1949, the damping timescale (Harris, 1994) is expressed as
where D is the mean diameter of tumblers in kilometer units and C is a constant of about 17 (uncertain by about a factor of 2.5). The units of P ψ and τ are hours and billion (10 9 ) of years, respectively. Since the damping timescale of around 6.2×10 6 yr is long enough, 107P would continue tumbling even if the impact occurred before 1949.
Binary asteroids
We describe the situation in which 107P hosts a binary. In order to confirm the existence of a binary, the detection of mutual eclipse events is required in the lightcurve. The mutual eclipse events were not detected in the observations of Harris and Young (1983) and Osip et al. (1995) 6 as the primary (secondary) eclipse and the secondary (primary) eclipse, respectively, the orbital period of the binary is 0.2979 day. Supposing a circular orbit and negligible mass for the binary, the semi-major axis is described as
where G is the gravitational constant, M is the mass of 107P, and P orb is the orbital period of the binary. For the sake of simplicity, when assuming that 107P is spherical with the diameter of 3.46 km (Licandro et al., 2009) and a typical density of 2 g/cm 3 , the semi-major axis is around 3.65 km.
In the case of the same albedo for 107P and the binary, the flux decrease of the total eclipse (A mut ) satisfies the following relationship (Polishook et al., 2011 )
where R s is the radius of the binary and R p is the radius of 107P. Since the typical flux decrease is ∼0.05 mag in Fig. 6 , the radius of the binary is around 0.4 km. When we assume the orbital plane of 107P accords with the line of sight from an observer, the inclination of the binary as an occulter
Here, i is the inclination of the binary for the orbital plane of 107P is less than
36
• in the 107P system. If i is zero, the eclipse duration is estimated to be ∼0.05 day. The term is around one-sixth of the orbital period and consistent with the interval of lightcurve peaks of Fig. 6 . Moreover, the binary hypothesis indicates that the double-peak period of the lightcurve without the eclipse becomes 0.1490 day. As we mentioned in Section 3.1, the period of 0.1490 day as the sidereal rotation of 107P is not likely. Alternatively, the lightcurve without the eclipse might be a quadruple-peak lightcurve whose period is 0.2979 day. Though the quadruple-peak lightcurve is rare, the period could compatibly account for all the past reports. In addition, the situation shows that the sidereal rotation of 107P and the orbital periods of the binary are locked with 0.2979 day. The period of 0.0993 day is explained by the period between the egress time of the primary (secondary) eclipse and the ingress time of the secondary (primary) eclipse.
The promising mechanisms for formation of asteroid binaries are the rotational-fission due to the spin-up by YORP effects (Scheeres, 2007; Pravec and Harris, 2007; Walsh et al., 2008) , tidal encounter with planets (Richardson et al., 1998; Bottke et al., 1999; Walsh and Richardson, 2006) , and the escaping ejecta by the collisions (Durda et al., 2004; Polishook et al., 2011) . The mechanisms have a lot in common with the cause of tumbling.
Fissions and collisions in every mechanism can trigger 107P's cometary activity. The possible existence of a binary is consistent with the past cometary activity.
Summary
This study revealed the physical properties of 107P by a photometric observation campaign. We detected the lightcurve periodicity to be 0.2979 Finally, we describe the mission feasibility for 107P. The orbit accessible by spacecraft makes 107P a promising target for a sample-return mission.
If 107P is not a tumbling object, the moderate rotational period of 0.2979 day would enable us to obtain a sample by the touchdown of a spacecraft, whereas touchdown on 107P would require a difficult maneuver if 107P is a tumbler. In that case, a multi-fly-by mission that combines with the sample return mission for another target would become a hopeful plan.
